Molecules associated with integrins include cytoskeletal elements, such as talin, filamin, or ␣-actinin. Indeed, the role of integrins in the organization and dynamics of Results: We have identified the Nck-interacting kinase the cytoskeleton is well documented [5]. Integrins also (NIK), a member of the STE20/germinal center kinase interact, directly or indirectly, with signaling molecules, (GCK) family, as a partner for the ␤1A integrin cytolike the focal adhesion kinase FAK or the integrin-linked plasmic domain. We find that NIK is expressed in the kinase ILK. Genetic analysis has confirmed that a link nervous system and other tissues in mouse embryos exists between integrins and these two kinases, in that and colocalizes with actin and ␤1 integrin in cellular the phenotype of mouse FAKϪ/Ϫ mutants shares some protrusions in transfected cells. To demonstrate the similarities with the fibronectin mutant phenotype and functional significance of this interaction, we used that, in Drosophila, ILK is involved in muscle attachment Caenorhabditis elegans, since it has only one ␤ (PAT-3) and wing development like the integrin chain ␤PS [6, 7]; integrin chain, two ␣ (INA-1 and PAT-2) integrin chains, however, the ILK kinase activity does not seem to be and a well-conserved NIK ortholog (MIG-15). Using three involved in these processes. For a number of other molemethods, we show that reducing mig-15 activity results cules recently identified as integrin ␣ or ␤ chain partners in premature branching of commissures. A significant (for recent reviews, see [3, 4]), their relationship with aggravation of this defect is observed when mig-15 acintegrins in vivo remains to be analyzed. In a search for tivity is compromised in a weak ina-1 background. Neumolecules that interact with ␤1 integrin in the embryo, ronal-specific RNA interference against mig-15 or pat-3 we have found that the kinase NIK, a member of the leads to similar axonal defects, thus showing that both STE20/GCK family, interacts molecularly with the cytomig-15 and pat-3 act cell autonomously in neurons. Fiplasmic domain of integrin ␤1. Using a genetic approach nally, we show a genetic interaction between mig-15, in the nematode Caenorhabditis elegans, we demonina-1, and genes that encode Rac GTPases.
Conclusions: Using several models, we provide the first Results evidence that the kinase NIK and integrins interact in vitro and in vivo. This interaction is required for proper
The GCK Serine-Threonine Kinase NIK Interacts axonal navigation in C. elegans.
with the Cytoplasmic Domain of ␤1A Integrin To search for cytoplasmic molecules that interact with the ␤1 integrin subunit in the mouse embryo, we initiated plasmic domain of the ␤1A subunit, the most broadly brates and invertebrates ( Figure 1C ). In particular, a domain called CNH (citron homology domain), first expressed ␤1 isoform. This cytoplasmic domain shows a high degree of conservation between different spedescribed in the Rho GTPase effectors citron and citron kinase and thought to regulate the activity of these procies, as illustrated for mouse, Drosophila, and C. elegans in Figure 1A . Three of the clones that we isolated correteins, is present and is very well conserved in these three NIK orthologs 3C and insets). The antibody against ␤1 integrin also revealed an enrichment of this integrin in the same tips ( Figures  3E and 3F and insets) . Importantly, the sites of colocalization between ␤1 and NIK do not coincide with the main other sites where ␤1 is present, such as focal adhesions seen in Figure 3E . The dynamic cellular localization of NIK and its colocalization with actin and ␤1 integrin suggest that NIK may interact with integrins during cell adhesion/spreading or motility.
NIK Is Highly Expressed in the Nervous System of the Mouse Embryo
To gain an insight into NIK function, we characterized its expression pattern in the mouse embryo. Both a 3Ј fragment and a central fragment (see the Supplementary Material available with this article online) were used as probes for in situ hybridization of mouse embryos and 
NIK and Integrins Are Important for Axon of mig-15 and determine if it could be involved in the same process as PAT-2/PAT-3 or INA-1/PAT-3, we first Navigation in C. elegans
The availability of integrin mutants in C. elegans allowed used an RNA interference strategy (RNAi) to inhibit mig-15 activity [21] . The main advantage of RNAi is that it is us to test whether NIK and integrins interact genetically. Weak ina-1 mutations cause cell migration and axon deextremely rapid and can result in a nearly complete lossof-function phenotype, particularly for genes acting in fasciculation defects, and a weak motility defect, but are compatible with life, while the presumptive null mutation embryos; its disadvantage is that genes acting during postembryonic development, particularly in neurons, ina-1(gm86) results in larval lethality, presumably due to abnormal head morphogenesis coupled with more tend to be less strongly inhibited [22] . Injecting mig-15 dsRNA into a wild-type strain resevere axonal defects [18] . Mutations inactivating pat-2 and pat-3 cause muscle attachment defects and incomsulted in slightly reduced fertility and motility (data not shown), but did not produce a phenotype similar to the plete elongation of the embryo, resulting in embryonic lethality [17, 20] . As mentioned above, mig-15 mutations muscle attachment defects described for pat-3 or pat-2 mutations. The weak motility defects raised the possibilcause some cell migration defects that are in part distinct from those observed in ina-1 mutants (X.Z. and ity that mig-15 could be involved in the same process as ina-1. To test if this was the case, we repeated the E.M.H., unpublished data). To initiate a genetic analysis To distinguish between a cell-autonomous or a nonincrease the severity of commissural defects in inacell-autonomous function, we induced stable RNAi [26] 1(gm86)-arrested L1 larvae, which, on their own, had using tissue-specific promoters derived from the uncessentially normal commissures (in both cases, 5.4 Ϯ 25 (GABAergic neuron-specific), the unc-54 (body wall 0.7 commissures per animal were normal). The absence muscle-specific), and the lin-26 (epidermal-specific) of strong defects in ina-1(gm86) mutants suggests that loci. These promoters were used to drive the expression ina-1 is not essential for DD commissure navigation in of either mig-15 sense or antisense RNA strands, or the embryos.
expression of both, into the unc-47::gfp background. As To verify the genetic interaction described above, we pat-3 mutants are not viable, using this approach, we took advantage of the weak mig-15(rh148) allele (X.Z. could also directly assess if PAT-3 was indeed required and E.M.H., unpublished data), expecting that it should for commissural axon extension, as expected if it is the display a commissural defect on its own and that it INA-1 dimerization partner. In the case of mig-15, typical should genetically interact with a weak ina-1 allele. Honeuronal navigation defects such as the ones described mozygous mig-15(rh148) animals containing the uncabove were seen at a significant ratio only in animals in 47::gfp construct displayed the same type of commiswhich the RNAi effect was targeted to neurons ( Figures  sural defects (Figures 5D and 6B) as those observed 5H and 6A). Similarly, neuronal navigation defects were after RNAi against mig-15, but their frequency was seen when RNAi against pat-3 was targeted to neurons higher (34% abnormal commissures in mig-15(rh148) ( Figure 5I ). Since unc-25-induced RNAi against pat-3 animals versus 13% in mig-15(RNAi) animals, Figures did not lead to embryonic lethality (Pat phenotype) nor 5D and 6B). Furthermore, in ina-1(gm119); mig-15(rh148) to any partial muscle paralysis, we conclude that pat-3 double mutants, we observed that most commissures dsRNA produced in neurons did not affect other cell (85%) had abnormal trajectories (Figures 5F and 6B) .
types. Only mild phenotypes were seen when sense or Interestingly, the relative proportion of commissures antisense strands alone were expressed, and no defects that meandered versus commissures that stopped prewere seen in transgenic animals carrying a vector with maturely with a lateral projection was almost inverted the unc-25 promoter alone ( Figure 6A) . Again, the effects in single compared to double mutants. In ina-1(gm119)
were significantly more severe when the construct drivand mig-15(rh148) mutants, 60%-70% abnormal coming both sense and antisense mig-15 RNAs under the missures meandered and 20%-30% extended a premacontrol of the unc-25 promoter were introduced in the ture lateral projection; in contrast, in double mutants, ina-1(gm144) background (Figures 5J and 6A ). These 40% abnormal commissures meandered and 50% results strongly suggest that GABAergic commissural stopped prematurely with an extension. This inversion axon extension requires cell autonomously INA-1/PAT-3 could be interpreted as an increase in the severity of and MIG-15. the phenotype.
Having established that mig-15 and ina-1 interact and Thus, we conclude that ina-1 and mig-15 interact gethat both act in neurons, we asked whether MIG-15 netically, at least during the process of commissure outworks downstream or upstream of the INA-1/PAT-3 ingrowth and navigation. In addition, we suggest that this tegrin, anticipating that, in the former case, it might be interaction is particularly important for the decision to possible to rescue ina-1 by overexpressing MIG-15. We form a lateral projection at the appropriate position. -1(gm144), 3.4 Ϯ 1.3; ina-1(gm144) ; rac-2(RNAi), 7.3 Ϯ 2.9; ina-1(gm144); mig-2(RNAi), 7.2 Ϯ 2.0; mig-15(rh148), 6.1 Ϯ 2.5; mig-15(rh148); rac-2(RNAi), 11.3 Ϯ 1.9; mig-15(rh148); mig-2(RNAi), 11.1 Ϯ 1.7. Note the significant increase (p Ͻ 10 Ϫ6 ) of commissural defects in injected mutant animals compared to what is observed in noninjected (no inj.) mutants or wild-type injected animals. specificity is unknown. By doing so, we could signifiina-1 and mig-15 Genetically Interact with Rac GTPases cantly rescue the commissural defects of mig-15(rh148) animals upon heat shock induction, indicating that the In a first attempt to determine the pathway involving integrins and NIK in axon outgrowth and navigation, transgene is functional (data not shown). However, when we performed the same experiments in the ina-1(gm144)
we first tested members of the Rho/Rac/Cdc42 family, which are known to play an important role in actin dyor ina-1(gm119) backgrounds, we did not observe any rescue. The proportion of abnormal commissures was namics [5, 27]. In C. elegans, it was recently shown that mutations in the Rac homologs ced-10 (also known as even almost doubled in ina-1(gm144) mutants (data not shown). This aggravation may be related to the nature rac-1) and mig-2, or RNAi against rac-2, result in mild D-type neurons' commissural defects on their own and of the ina-1(gm144) allele that alters a residue located just upstream of the transmembrane domain and bein severe defects when two distinct Racs are defective [28] . We found that RNAi against the highly homologous haves differently from other ina-1 alleles for some aspects of the ina-1 mutant phenotype [18] . The lack of ced-10 and rac-2, or against mig-2 in mig-15 or ina-1 mutants, approximately doubled the percentage of afconsistent behavior between both alleles does not allow us to conclude whether mig-15 acts downstream or fected commissures when injected in animals carrying either ina-1(gm144) or mig-15(rh148) (Figure 6C ), while upstream of ina-1. they produced essentially no effect in a wild-type backdescribed for msn, which appears to be required [28] . Our data suggest a may represent a lag imposed by the signal transduction functional link between Rac GTPases, NIK, and integrins. Since multiple pathways converge on Racs (for machinery to reorganize surface molecules or the cyinstance, see reference [28] ), the precise relationship toskeleton [25] .
between Racs and these molecules in axonal outgrowth The commissural defects that we observed in ina-1-, remains to be clarified. pat-3-, and mig-15-deficient larvae correspond to two There is indirect evidence to suggest that integrins main categories. In single mutants, a majority of comand NIK proteins could interact in other cell types or missures meandered instead of following a direct trajectissues. For instance, both msn and the fly ␤PS myotory toward the dorsal cord, which could be interpreted spheroid mutants display defects in the process of doras a partial failure in maintaining a strict navigation tosal closure [1, 13, 35]. Moreover, an interaction between ward the guidance cues. In double mutants, the majority integrins and NIK may explain the similarities recently of commissures stopped prematurely and extended latreported between the phenotypes of NIKϪ/Ϫ and fibroerally in both directions, as they normally do when they nectin or integrin ␣5Ϫ/Ϫ mutant mouse embryos [36] . reach the dorsal cord. This defect could originate from This suggests that, during mesoderm formation, too, problems in passing beyond obstacles, as indeed most NIK and integrins might participate in the same pathway. axons branching prematurely did so where muscles are There are more than ten integrins that contain the ␤1 found ( Figure 5 and data not shown) . This suggests that subunit in vertebrates, and it will be interesting to define respond to an improper response to a stop signal, as
